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In this  paper,  we  summarize  the  results  of  coupled  thermal,  hydraulic,  and  mechanical  (THM)  modeling
in  support  of the Northwest  Geysers  EGS  Demonstration  Project,  which  aims  at enhancing  production
from  a  known  High  Temperature  Reservoir  (HTR)  (280–400 ◦C)  located  under  the  conventional  (240 ◦C)
geothermal  steam  reservoir.  The  THM  modeling  was  conducted  to investigate  geomechanical  effects  of
cold-water  injection  during  the  stimulation  of  the EGS,  ﬁrst  to predict  the  extent  of the  stimulation  zone
for  a  given  injection  schedule,  and  then  to conduct  interpretive  analyses  of  the  actual  stimulation.  By
using  a calibrated  THM  model  based  on  historic  injection  and  microseismic  data  at a nearby  well,  we
could  reasonably  predict  the  extent  of  the  stimulation  zone  around  the  injection  well,  at least  for  the  ﬁrst
few months  of  injection.  However,  observed  microseismic  evolution  and  pressure  responses  over the
one-year  stimulation-injection  revealed  more  heterogeneous  behavior  as a  result  of more  complex  geol-
ogy, including  a  network  of shear  zones.  Therefore,  for an  interpretive  analysis  of  the  one-year  stimulation
campaign,  we  included  two sets  of  vertical  shear  zones  within  the  model;  a  set  of  more  permeable  NW-
striking  shear  zones  and  a set  of less  permeable  NE-striking  shear  zones.  Our  modeling  indicates  that  the
microseismic  events  in  this  system  are  related  to shear  reactivation  of pre-existing  fractures,  triggered  by
the  combined  effects  of injection-induced  cooling  around  the  injection  well  and  rapid (but  small)  changes
in  steam  pressure  as  far as  a kilometer  from  the  injection  well.  Overall,  the integrated  monitoring  and
modeling  of microseismicity,  ground  surface  deformations,  reservoir  pressure,  ﬂuid chemical  composi-
tion,  and  seismic  tomography  depict  an  EGS  system  hydraulically  bounded  by  some  of the  NE-striking  low
permeability  shear  zones,  with  the  more  permeable  NW-striking  shear  zone  providing  liquid  ﬂow  paths
for  stimulation  deep  (several  kilometers)  down  into  the  HTR.  The  modeling  indicates  that  a  signiﬁcant
mechanical  degradation  (damage)  inferred  from  seismic  tomography,  and  potential  changes  in  fracture
porosity  inferred  from  cross-well  pressure  responses,  are  related  to shear  rupture  in  the  stimulation  zone
driven by  both  pressure  and cooling  effects.
© 2015  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).. Introduction
The Northwest Geysers EGS Demonstration Project is sited in
 portion of the northwestern part of The Geysers geothermal
eld, California (Garcia et al., 2016), where exploratory drilling in
he early 1980s discovered a relatively shallow high temperature
280–400 ◦C) reservoir (HTR) in low-permeability rock below the
ormal temperature (240 ◦C) steam reservoir (NTR) (Walters et al.,
∗ Corresponding author. Fax: +1 510 486 5432.
E-mail address: Jrutqvist@lbl.gov (J. Rutqvist).
ttp://dx.doi.org/10.1016/j.geothermics.2015.08.002
375-6505/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article u1991). It is an area where a number of steam production wells
were drilled in the 1980s, but later abandoned because of problems
caused by high concentrations of non-condensable gases (NCG)
and highly corrosive hydrogen chloride gas in the steam. The plan
put forward in the Northwest Geysers EGS Demonstration Project
was to re-open and re-complete two  of the abandoned exploratory
wells and deepen them for injection and stimulation in the HTR,
using highly treated waste water available by pipeline from the
nearby city of Santa Rosa (Garcia et al., 2016). Using injection, the
intention was  to lower the NCG concentrations, stimulate existing
fractures in the HTR, and provide a sustainable amount of usable
quality steam for production, in line with a concept originally pro-
posed by Nielson and Moore (2000) (Fig. 1). If similar enhanced
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. NE-SW geologic cross-section through the northwest Geysers including the two  wells P-32 and PS-31 that were reopened and recompleted as an injection/production
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uair  within the HTR (Garcia et al., 2012).
eothermal systems (EGS) could be created and successfully man-
ged at existing high-temperature geothermal systems, then large
ntapped resources could be made available for energy production.
The EGS demonstration project, launched in 2009, is organized
nto three phases: Phase I (Pre-Stimulation), Phase II (Stimula-
ion), and Phase III (Monitoring). As a part of the pre-stimulation
hase (Phase I), two of the abandoned exploration wells, Prati 32
P-32) and Prati State 31 (PS-31) were successfully reopened, deep-
ned, and recompleted as an injection-production pair (Garcia et al.,
016). With this deepening, the wells partially penetrate the HTR
ver a depth ranging from about 3 to 3.5 km at a lateral distance
f about 0.5 km from each other (Fig. 1). More precisely, PS-31 was
eepened to a vertical depth of 2929 m (9611 ft) below the ground
urface, whereas P-32 was deepened to a vertical depth of 3326 m
10,912 ft), with the formation temperature reaching an astonish-
ng 400 ◦C (750 ◦F) at the base of the well. The P-32 injection well
s cased to a vertical depth of 1865 m (6117 ft), and a blank (unper-
orated) liner is hung in the open hole below the casing down to
 vertical depth of 2564 m (8411 ft). The blank liner is designed to
revent injection water from entering the NTR and aid injection
irectly into the HTR below 2564 m vertical depth. PS-31 is cased
o 1773 m (5815 ft) and was completed as a production well with a
lotted liner from a vertical depth of 2066 m (6776 ft) through the
TR and into the HTR (Garcia et al., 2016). Within the Northwest
eysers EGS Demonstration Project, other nearby wells have also
een utilized for monitoring of the system, and in particular, Prati
5 (P-25) has been used for both pressure monitoring and steam
roduction from the system.
In addition to the ﬁeld work associated with the deepening
nd recompletion of the wells, the pre-stimulation phase (Phase
) also involved site characterization and development of a stim-
lation plan. The stimulation phase (Phase II) formally began onOctober 6, 2011 with the start of stimulation, i.e., the injection
into P-32, using highly treated wastewater delivered by the Santa
Rosa Geysers Recharge Pipeline (Garcia et al., 2016). A one-year
stimulation injection was conducted, systematically injecting cool
water at carefully designed injection rates, keeping the bottom-
hole pressure much below fracturing pressure, aiming at a gentle
but pervasive stimulation of an existing fracture network. The ﬁnal
monitoring phase (Phase III), involves monitoring and analysis of
the long-term sustainability of the system during continuous injec-
tion and production.
In the EGS demonstration project, coupled thermal, hydraulic,
and mechanical (THM) modeling is integrated with ﬁeld monitor-
ing for planning, design, and validation of the EGS. An important
part of the ﬁeld monitoring program is real-time microseismic
monitoring, which is done using an existing seismic array of dense
surface seismic monitoring stations (Garcia et al., 2016). The ﬁeld
monitoring and data analyses also include (1) 3-D tomography and
high-precision location source studies of microseismic events, (2)
satellite-based monitoring of ground-surface deformation, and (3)
geochemical monitoring of injection and production ﬂuids. These
technologies were adopted for monitoring and validating the EGS,
because they were expected to capture important changes in the
geothermal reservoir at the kilometer scale, including changes in
rock-mass mechanical properties (as reﬂected by changes in seis-
mic  velocities), large-scale reservoir pressure change (as may  be
reﬂected in ground surface uplift) and exposure of new fracture sur-
faces (as may  be reﬂected by changes in the chemical signature of
the produced steam). In addition to these tools, the demonstration
wells were repeatedly logged with a pressure-temperature-spinner
(PTS) tool to evaluate changes in reservoir properties near the well-
bores, and well pressure was monitored in several wells around the
EGS area (Garcia et al., 2016).
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(ig. 2. Pre-stimulation model grid with material layers and contours of initial temp
re  model dimension in meters).
An accompanying paper entitled “The Northwest Geysers EGS
emonstration Project, California-Part 1: Characterization and
eservoir response to injection” (Garcia et al., 2016) presents Phase
 ﬁeld and engineering work, including wellbore readiness and
aseline testing, along with Phase II results, including analysis of
he reservoir’s response to stimulation by injection. This includes
emporal and spatial evolution of microseismic events and geo-
hemistry (e.g., noncondensable gas and chloride content) and
njectivity tests. Here, in the Part 2 paper, we summarize the anal-
sis, modeling, and interpretation of the ﬁeld data, focusing on the
oupled THM modeling of the stimulation.
The coupled THM modeling was conducted with TOUGH-FLAC
Rutqvist, 2011), a simulator based on linking the geothermal
eservoir simulator TOUGH2 (Pruess et al., 2012) with the geome-
hanical code FLAC3D (Itasca, 2011). The simulator has the required
apabilities for modeling of coupled THM responses caused by
njection and production under complex multiphase ﬂow and ther-
al  processes within the steam-dominated geothermal system
t The Geysers. Related to the Northwest Geysers EGS Demon-
tration Project, the coupled THM modeling was ﬁrst used as a
art of the pre-stimulation phase (Phase I) for guiding the stim-
lation plan. In particular, the pre-stimulation modeling aimed
t predicting the injection-induced spatial extent, or volume, of
he stimulation zone and the associated zone of microseismic
ctivity around the wells. Then, after the initial comparison of pre-
timulation predictions with ﬁeld data, a series of model analyses
ere conducted to interpret ﬁeld data collected during the one-
ear stimulation phase (Phase II). As will be shown in this paper,
lthough the extent of the stimulation zone could be reasonably
redicted with a relatively simple geologic model, the interpretive
odeling and ﬁeld observations showed the strong inﬂuence of
ore complex geological structures, such as minor faults (or shear
ones), that will also be important to include in future analysis of
he long-term sustainability of the EGS system during production
Phase III).re. x = NS model dimensions and y = EW model dimensions (scales along x, y, z-axes
2. Pre-stimulation model prediction
In this section, the pre-stimulation modeling is summarized-a
complete description of this modeling is given in Rutqvist et al.
(2015). The modeling approach used in the pre-stimulation pre-
diction followed an approach ﬁrst used by Rutqvist and Oldenburg
(2007, 2008) in previous studies of The Geysers geothermal ﬁeld.
This included the concept of a rock mass that is near-critically
stressed for shear failure and a parameter denoted as critical-stress
perturbation. The pre-stimulation modeling was conducted on a
simpliﬁed yet representative model of the geology, focusing on the
geological units around the EGS area (Fig. 2). This simpliﬁed model
was considered sufﬁcient for making a ﬁrst-order estimate of the
temporal and spatial extent of the stimulation zone (corresponding
to the extent of a zone of high density of microseismic events).
2.1. Concepts of stress perturbation in near-critically stressed
rock
One of the main features of the geomechanical modeling
approach applied to the pre-stimulation model prediction was the
analysis of injection-induced stress changes and the potential for
shear reactivation of fractures in a rock mass that is already stressed
by tectonic stresses to be very close to shear failure, i.e. a near criti-
cally stressed rock mass (Fig. 3). The concept of a critically stressed
rock mass at The Geysers dates back to rock-mechanical and seis-
mic  source focal mechanism studies conducted in the early 1980s
(Lockner et al., 1982; Oppenheimer, 1986), and implies that small
perturbations of the stress ﬁeld by ﬂuid injection or steam produc-
tion could trigger seismicity. In the modeling approach ﬁrst used in
Rutqvist and Oldenburg (2007), the potential for shear reactivation
(slip) of pre-existing fractures is evaluated using a Mohr-Coulomb
failure criterion under the conservative assumption that fractures
of any orientation could exist anywhere (Fig. 3(a)). Such an assump-
tion is supported by fault-plane-analysis studies of seismicity at
J. Rutqvist et al. / Geothermic
Fig. 3. Illustration of the approach for failure analysis to evaluate the potential for
induced seismicity at The Geysers, including (a) highly fractured rock with randomly
oriented fractures, (b) changes in stress on one fracture plane, (c) movements of
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cohr’s circle as a result of increased ﬂuid pressure within a fracture plane for a
ritically stressed fracture, and (d) corresponding stress path in the ( ′1,  ′3) plane
Rutqvist et al., 2015).
he Geysers by Oppenheimer (1986), which indicated that seis-
ic  sources occur from almost randomly oriented fracture planes.
nder this assumption, the isotropic Mohr-Coulomb criterion can
e stated in terms of maximum and minimum compressive effec-
ive stresses ( ′1 and  ′3) as (Jaeger and Cook, 1979)
′
1 = C0 + q ′3 (1),
where C0 is the uniaxial compressive strength and q is the slope
f the  ′1 versus  ′3 line, which is related to the static coefﬁcient
f friction, , according to
 =
[(
2 + 1
) 1
2 + 
]2
(2)
A coefﬁcient of friction of  = 0.6 was assumed corresponding
o a lower-limit value observed in fractured rock masses associated
ith shear-enhanced permeability (Barton et al., 1995). Moreover,
onsistent with ﬁndings by Lockner et al. (1982), it was  assumed
hat the rock could only sustain friction, i.e., having negligible
ohesion. For  = 0.6 and zero cohesion, the rock-mass uniaxial
ompressive stress term, C0 in Eq. (1), vanishes, and the Coulomb
riterion for the onset of shear failure can be written as
′
1c = 3 ′3 (3)
here  ′1c is the critical maximum principal compressive stress
or the onset of shear failure, and the factor 3 is a result of the
rictional coefﬁcient of  = 0.6 in Eq. (2). Thus, according to Eq. (3),
hear reactivation would be induced at a point in the rock mass
henever the maximum principal effective compressive stress is
hree times higher than the minimum principal compressive stress.
Based on the concept of a critically stressed rock mass, the initial
tress will be in a state of incipient failure (Fig. 3(b–d)). By studying
ow the stress state deviates from this near-critical stress state, the
ntent is to investigate whether the changes in the local stress state
end to move the system toward a state of failure or away from
ailure. The likelihood of shear reactivation would increase if the
hange in maximum principal compressive effective stress is more
han three times the change in minimum principal compressive
ffective stress (i.e.,  ′1 > 3 ×  ′3). Conversely, the likelihood of
hear reactivation would decrease if the change in maximum prin-
ipal compressive effective stress were less than three times thes 63 (2016) 120–138 123
change in minimum principal compressive effective stress (i.e., if
 ′1 < 3 ×  ′3).
Considering that the initial stress might not be exactly at the
state of critical stress, one may  quantify how much the  ′1
has to exceed 3 ×  ′3 to trigger shear reactivation. Therefore,
a stress-to-strength change (or here simply denoted stress-
perturbation) is deﬁned as  ′1m =  ′1−3 ×  ′3, and a critical
stress-perturbation  ′1mc, is the stress-perturbation required to
induce shear reactivation. The critical stress perturbation is a key
parameter for predicting the occurrence of microseismicity and
was in this study determined by model calibration against north-
west Geysers historic injection and microseismic data.
2.2. THM properties for pre-stimulation modeling
The pre-stimulation THM model shown in Fig. 2 consists of the
relatively permeable NTR sandwiched between an impermeable
cap on top and a relatively low-permeability HTR at depth. The main
geologic units of the models include (1) unfractured graywacke that
serves as a caprock, (2) metagraywacke (host to the NTR), (3) horn-
felsic graywacke (hornfels), and (4) granitic intrusive rocks (felsite),
which are thought to be as young as about 10,000 years before
present (Williams et al., 1993), and the heat source to the HTR in
the EGS demonstration area (e.g., Walters et al., 1988; Sternfeld,
1989; Schmitt et al., 2003) (Fig. 1).
The initial thermal and hydrological conditions (vertical dis-
tributions of temperature, pressure, and liquid saturation) were
established through steady-state, multiphase ﬂow simulations. In
the models used in this study, the initial reservoir temperature
in the NTR is ∼240 ◦C to a depth of about 2.5 km,  and then grad-
ually increases up to 370 ◦C towards the bottom boundary at a
depth of 6 km.  Note that the temperatures at depth used in the
pre-stimulation model of the EGS area are somewhat cooler than
the very high temperature that was later encountered at the base
of the P-32 well. A relatively low permeability of the HTR below
the NTR can be inferred from a steep thermal gradient across the
HTR, which indicates a lack of heat convection and heat transport
only through conduction. At The Geysers, the steam pressure within
the hydraulically conﬁned NTR has gradually decreased with steam
production since the 1960s and is today a few megapascals; thus,
the initial reservoir pressure in the model simulations related to
the new EGS and injection is a few megapascals.
The basic THM properties for the different model units used
in the pre-stimulation model prediction are presented in Table 1.
The permeability and porosity values of the NTR were taken from
Calpine’s reservoir model of The Geysers and literature data (e.g.,
Williamson, 1992), whereas permeability and porosity are lower
for the HTR, extending from the hornfelsic graywacke down into the
felsite. The geomechanical properties are equivalent to those devel-
oped and used by Rutqvist and Oldenburg (2007, 2008) in previous
modeling of The Geysers ﬁeld-wide coupled THM responses. This
includes a rock-mass bulk modulus, K = 3.3 GPa, which approxi-
mately corresponds to values back-calculated by Mossop and Segall
(1997) based on reservoir-scale strain analyses of production-
induced subsidence. The linear thermal expansion coefﬁcient of the
rock is set to 1 × 10−5 ◦C−1, corresponding to values determined
from core samples of the reservoir rock at high (250 ◦C) temper-
ature (Mossop and Segall 1997). Using these properties, observed
ﬁeld-wide THM responses of The Geysers ﬁeld over 40 years of pro-
duction were reproduced in Rutqvist and Oldenburg (2007, 2008).
This included modeling of observed reservoir-wide pressure and
temperature declines of a few MPa  and a few degrees, respectively,
as well as subsidence of about 0.5–1 m (Rutqvist et al., 2015).
Finally, the critical-stress-perturbation  ′1mc related to the
stress-perturbation required to cause microseismicity was esti-
mated by a model calibration against historic injection and the
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Table 1
Rock properties for modeling of the initial injection at the Northwest Geysers EGS Demonstration Project.
Caprock Graywacke (NTR) Hornfels (HTR) Felsite
Permeability (m2) 1 × 10−18 5 × 10−14 2 × 10−14 1 × 10−15
Porosity (%) 0.01 1.5 1.0 1.0
Thermal cond. (W/(m ◦C)) 3.2 3.2 3.2 3.2
Speciﬁc heat (J/(kg ◦C)) 1000 1000 1000 1000
Bulk  modulus (GPa) 3.3 3.3 3.3 3.3
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Thermal expansion coefﬁcient (◦C−1) 1 × 10−5
icroseismic data at the Aidlin 11 injection well, located about
 km to the west of the EGS demonstration area (Majer and
eterson, 2007). A critical stress perturbation,  ′1mc = 1.5 MPa,
as determined by comparing the contours of calculated stress
erturbation to the observed spatial extent of microseismic activ-
ty around the injection well. This means that in the zone where
aximum compressive effective stress has increased by 1.5 MPa
r more relative to compressive strength, a relatively high den-
ity of microseismic events was triggered by the injection. Such a
one of high-density microseismic activity may  be deﬁned as the
timulation zone (Rutqvist et al., 2015).
.3. Pre-stimulation model results and predicted extent of
timulation
Using the model geometry shown in Fig. 2 and the THM model
roperties listed in Table 1, as well as the calibrated critical-stress-
erturbation,  ′1mc = 1.5 MPa, we estimated the likely extent of
he stimulation zone at the EGS area for a number of injection sce-
arios, including injection consecutively in PS-31 and P-32 for 6
onths each (Rutqvist et al., 2010), or injection for 12 months in
S-31 only, or P-32 only. The ﬁnal stimulation plan involved injec-
ion into the deeper and hotter P-32 well, with step-wise increases
nd decreases in injection rates over a one-year injection period
Garcia et al., 2012).
The pre-stimulation model prediction and its outcome pre-
ented in detail in Rutqvist et al. (2015) showed that the spatial
xtent (or radius) of the stimulation around the injection could
e reasonably predicted, at least for the ﬁrst few months of injec-
ion. A comparison of the predicted extent of the stimulation zone
ith the observed distribution of microseismic events around the
-32 injection well is shown in Fig. 4. A good qualitative agree-
ent between the predicted and observed extent of the stimulation
one was achieved, although observed events also occur outside
nd below the predicted stimulation zone. In Fig. 4, the stimula-
ion zone of relatively high microseismic density barely reaches
he PS-31 well after about 3 months, but expands more during the
ontinued one-year injection.
The pre-stimulation modeling also indicated that microseismic-
ty and shear reactivation of pre-existing fractures are caused by
he combined effects of injection-induced cooling and pressure
hanges, with cooling being more important for triggering seismic-
ty near the injection well and around the zone of cool liquid water.
uch a conclusion was drawn in Rutqvist et al. (2015) from the
imulation results of pressure and temperature changes, and the
omparison of those results to the calculated microseismic poten-
ial and observed microseismicity in Fig. 4. The results showed
hat strong cooling is limited to a zone around the injection well,
hereas changes in steam pressure propagate quickly much further
ut from the injection well and correlate with the extent of a zone of
ense microseismic activity. These are very small changes in steam
ressure, and the model simulations of pressure evolution, corrob-
rated with pressure monitoring, indicated that reservoir pressure2 2 2
 × 10−5 1 × 10−5 1 × 10−5
changes on the order of 1 MPa  are sufﬁcient to trigger a signiﬁcant
number of small microseismic events.
3. Initital interpretive modeling without shear zones
We  conducted an initial interpretive model analysis using the
pre-stimulation model geometry and input parameters for inter-
pretation of data on reservoir pressure evolution (measured in
nearby PS-31 well) and ground surface deformations (Rutqvist
et al., 2013; Vasco et al., 2013; Rutqvist et al., 2015). This modeling
revealed useful insights into potential hydraulic reservoir property
changes and the elastic response of the reservoir rock, as detailed
in the following subsections.
3.1. Cross-hole pressure evolution indicating reservoir property
change
Figs. 5 and 6show a comparison between observed and calcu-
lated pressure evolution at PS-31 and injection rate at P-32. It can
be observed that the pressure evolution at PS-31 generally corre-
lates with the injection rate, and that a distinct pressure response
occurs already within a few days after the start of the P-32 injection.
The initial 24 h of injection is at the relatively high rate of 1200 gpm
(gallons per minute, about 76 L/s (liters/second)) necessary to col-
lapse the steam bubble in the well bore and nearby formation,
so that relatively lower sustained rates of liquid water injection
are drawn into the fractured reservoir rock under vacuum. There-
after, the injection scheme consists of steps over several months
of increasing and decreasing rates. A sensitivity study showed that
the initial pressure response occurring during the ﬁrst day of injec-
tion was strongly dependent on the reservoir porosity, whereas the
slope of the pressure evolution over the next 10 days was strongly
dependent on the reservoir (HTR and NTR) permeability (Fig. 5).
A good match between simulated and observed PS-31 pressure
evolution was  achieved when keeping the original permeability
(Table 1), whereas the porosity had to be reduced from the orig-
inal 1% or 1.5% (the standard value used in Calpine’s reservoir
models and shown in Table 1) to 0.4 %. Using the original perme-
ability (Table 1) and a porosity of 0.4% (for all rock units listed in
Table 1), very good agreement was achieved between simulated
and observed pressure changes during the ﬁrst 55 days of injection,
when the injection rate was  kept at 400 gpm (25 L/s) (Fig. 6). How-
ever, when the injection rate increased to 1000 gpm (63 L/s) one
can observe in Fig. 6 that the simulated pressure change for 0.4%
porosity slightly overshoots the observed pressure change. This
may  indicate that reservoir properties change during the injection.
A better match for the 1000 gpm part could be achieved by either
a slight increase in permeability or a more substantial increase
in porosity. The overall best match was  achieved when increas-
ing porosity from 0.4% to 0.6% after 55 days of injection (Fig. 6).
In this case the porosity affects the ﬂuid storage in a volume of
rock, which would consist of pore volumes in both fractures and
the rock matrix between fractures. The 0.4–0.6% porosity might in
this case mostly represent pore-volume associated with fractures
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Fig. 4. Comparison of predicted microseismic potential (or stress perturbation) with observed locations of microseismic events within the ﬁrst 3 months of injection (a)
vertical cross-section and (b) horizontal section at 3.6 km depth near the bottom of P-32. The simulated contours are for a section across the center of the stimulation volume
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Rutqvist et al., 2015).
s this could impact the fast pressure diffusion propagating from P-
2 to PS-31 in the ﬁrst few days. If an increase in porosity from 0.4 to
.6% is what took place in the ﬁeld, this would correspond to a 50%
ncrease in fracture porosity, indicating a quite substantial effect
rom the stimulation, one that would increase the fracture surface
rea available for generating steam and heat extraction. However,
t was concluded in Rutqvist et al. (2015) that other features that
ould induce similar effects on the pressure evolution could not be
uled out, which means that there are considerable uncertainties
n interpreting hydraulic-property changes.
.2. Limited surface uplift indicating stiff reservoir
For the Northwest Geysers EGS Demonstration Project, the use-
ulness of satellite-based monitoring of surface deformation was
ested for the ﬁrst time, focusing on detecting surface deformation
bove a single injection well. This was a particularly challeng-
ng task because of the mountainous environment and groundhite contour line corresponds to the critical stress perturbation,  ′1mc = 1.5 MPa
vegetation. However, using the latest technology for analysis of
data obtained from satellite-based synthetic aperture radar (SAR),
surprisingly dense data coverage was  achieved around the EGS
area (Vasco et al., 2013). This was made possible by new analysis
techniques developed by Tele-Rilevamento Europa (TRE) in Italy,
using the so-called permanent scatterer (PS) and SqueeSARTM tech-
nique (Ferretti et al., 2011). The surface uplift was  then interpreted
by Vasco et al. (2013), who  analyzed X-band SAR data from the
TerraSAR-X satellite data having an 11-day revisiting time. In this
interpretation of the injection-induced ground surface deforma-
tions Vasco et al. (2013) compensated for an apparent long-term
subsidence trend seen in the data during 6 months prior to injec-
tion. The net surface uplift above the P-32 injection in Fig. 7 appears
to be correlated with the P-32 injection rate and pressure evo-
lution shown in Fig. 6. However, when comparing this observed
surface uplift to simulated results using the initial pre-stimulation
model, it was  concluded that the calculated ground-surface uplift
would be signiﬁcantly overestimated if using the original value of
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he rock-mass bulk modulus (the value back-calculated from the
eservoir-wide analysis of the 44 years of production-induced sub-
idence). To match observed ground-surface uplift during the P-32
njection, the bulk modulus had to be substantially increased by a
actor of 5–10. Distinctly different moduli related to subsidence
nd subsequent rebound uplift might be expected, considering
he well-established differences (frequently observed) between
irgin and elastic reservoir compressibility (Teatini et al., 2011).
hat is, the long-term subsidence may  be controlled by the tan-
ent modulus of inelastic compaction along the virgin loading
ath, whereas the rebounding uplift is controlled by the elastic
ock mass modulus. Thus, higher elastic moduli associated witht 500 m from the P-32 injection well for the ﬁrst 10 days of injection for simulations
015).
injection-induced uplift are expected and the higher moduli values
in Fig. 7 are also more consistent with static elastic modulus of hard
rock.
4. Identiﬁcation of a shear-zone network
Based on studies of the daily evolution of microseismicity,
Jeanne et al. (2014a) identiﬁed a shear-zone network and devel-
oped a shear zone network model around the EGS area. The
identiﬁed shear-zone network, shown in Fig. 8, is composed of
eight northwest-striking (N130) shear zones oriented along the
regional structural strike in the North Coast Ranges (e.g., Hulen
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Fig. 6. Comparison of observed and simulated pressure changes in the PS-31 well located about 500 m from the P-32 injection well over the ﬁrst 110 days of injection
(Rutqvist et al., 2015). The porosity was set to 0.4% and 0.6% in all rock units listed in Table 1, although HTR and NTR are the most important for the pressure response in
PS-31.
Fig. 7. Comparison of observed range change and simulated vertical displacement at two 
the  P-32 injection well (Rutqvist et al., 2015).
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clusters of steam entries and are also associated with relativelyig. 8. A structural map  of the Enhanced Geothermal System area with the well
ocations P-25, PS-31, P-32 and P-38 (Jeanne et al., 2014b).
nd Norton, 2000), and three northeast-striking (N050) shear
ones. The steam entries present along the injection well (black
ots along P-32 in Fig. 8) correspond to the intersections with
ear-vertical shear zones trending N130 spaced about 150–200 mground surface locations (AOYCB and AOCGB) located about 150 m apart and above
apart. Fig. 9 shows examples of studies of daily evolution in which
microseismicity appears in apparent bursts along linear features.
Just after the start of injection, Fig. 9a shows how microseismic
bursts appear sequentially on linear features trending about N130
(e.g., shear zones F4 and F5 in Fig. 8). Another example in Fig. 9b
shows microseismic events occurring during the ﬁrst 6 days fol-
lowing the injection rate increase in December 2011 from 400
to 1000 gpm. Two  new ﬂuid ﬂow paths seem to have developed.
The ﬁrst is a N050 shear zone (Fa) with apparent ﬂuid migra-
tion to the southeast of the study area, where a second shear
zone oriented N130 appears (F7). Then, within another week, two
larger-than-usual seismic events of magnitude 2.5 and 2.6 occurred
close to the impermeable shear zone Fc. In Jeanne et al. (2014a), it
was noted that a total of eight events with magnitudes ranging
between 2.2 and 2.9 occurred adjacent to Fc during the injection.
Finally, the more recent 3.7 event reported in the accompany-
ing paper by Garcia et al. (2016) also occurred along this shear
zone.
In Jeanne et al. (2014a), this shear-zone network was associ-
ated with the Riedel system formed within the regional strike-slip
fault zone system of the North Coast Ranges (Nielson et al., 1991).
Such a system of major steam-bearing features is known to exist at
The Geysers, and have been characterized as fracture zones tens of
meters wide with a separation of several hundred meters (Sammis
et al., 1992). Such fracture zones can be detected in deep wells asrapid drilling rates. Finally, the local shear-zone network is also
consistent with local surface geological mapping around the EGS
area, in particular the northeast-striking N050 low permeability
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ollowing the rate increase from 400 gpm to 1000 gpm on December 1, 2011 (Jeann
hear zone, which appears to bound the EGS to the southeast,
learly coinciding with a feature mapped on the ground surface
Jeanne et al., 2014a).
. Intepretive modeling with shear zones
We  conducted a series of interpretive coupled THM simula-
ions using the same modeling approach as previously used in
re-stimulation modeling, but this time including explicit repre-
entation of shear zones within the model. The shear zones were
odeled using the same continuum approach, but with different
roperties than those of the host rock. First, the hydraulic proper-
ies of the zones were estimated through interpretative modeling
y a model calibration to match pressure evolution monitored in
hree nearby wells. Then, elastic properties were back-calculated to
atch observed ground surface uplift, and ﬁnally the in situ stress
eld was estimated by comparing calculated shear activation along
hear zones with observations of microseismicity located in those
hear zones.
.1. Estimation of permeability distribution using pressure
onitoring data
The coupled THM models of the EGS used for calibration of
ermeability distribution were developed progressively, e.g., going
rom a 2D plane model with a shear-zone network (Jeanne et al.,
014a) to a full 3D model (Jeanne et al., 2014b), and an explicit well
odel that considered well-head pressure rather than bottom-hole
ressure (Jeanne et al., 2014c). More pressure monitoring data were
lso included in the analysis as they became available, ending in
eanne et al. (2014c) with a calibration to pressure monitoring data
rom three wells (PS-31, P-25, P-38) over a 450-day period. Along
ith this development, the calibrated values of permeability and
orosity also evolved. In general though, all the model studies con-
istently showed that the N130 shear zones are more permeable
han the host rock, whereas the N50 shear zones have permeability
alues more similar to that of the host rock, or in the case of shear
one Fc, having a much lower permeability than that of the host
ock. Fig. 10 shows the results of a comparison of calculated and
easured pressure evolution for a model calibrated in Jeanne et al.2014c). In this calibration, conducted over 450 days, the perme-
bility of the N130 shear zones were estimated to range between
.65 × 10−13 m2 and 6 × 10−16 m2. For the N50 shear zones, the per-
eability for Fa and Fb was estimated to be 5 × 10−15 m2, whereass following the start of the injection on October 6, 2011, and (b) during the week
., 2014a).
permeability Fc was estimated to be as low as 10−20 m2. The low
permeability of Fc is necessary to provide an effective permeabil-
ity barrier and to match the subtle pressure responses observed in
P-38.
In Jeanne et al. (2014c), the estimated porosities were 2, 3,
and 1%, respectively, for the host rock, N130 shear zones, and
N50 shear zones, which are somewhat higher than usual val-
ues used in Geysers reservoir models, and much higher than
the 0.4–0.6% back-calculated using the simpliﬁed pre-stimulation
model (Figs. 5 and 6). However, zooming in on the ﬁrst 10 days of
the results in Fig. 10b, one would see a mismatch in the initial pres-
sure pulse diffusion between P-32 and PS-31. In the model, the two
wells are connected through shear zone F6, which was assigned a
permeability of 1 × 10−14 m2 and a porosity of 3%. Matching the ini-
tial pressure diffusion and rapid pressure initial pressure increase
in PS-31 in the ﬁrst few days would require a much smaller porosity
and somewhat higher permeability to capture the early time rapid
ﬂow diffusion between the wells.
There is undoubtedly considerable uncertainty in the back-
calculated hydraulic properties of the system, as there are only
three monitoring wells and a number of shear zones and host
rock properties. However, the main features of much more per-
meable N130 shear zones and the relatively low-permeability N50
shear zones, including the near-impermeable Fc shear zone, are
real characteristics of the EGS area that are adequately captured
in the model. Moreover, the higher porosity used in matching the
entire 450-day period, compared to the initial 10 days, could indi-
cate an increase in porosity and/or permeability induced by the
stimulation.
5.2. Estimation of elastic properties using ground-surface
deformation data
An interpretive model analysis was  then conducted to calibrate
the elastic reservoir properties to match observed ground-surface
deformations. Associated with this modeling, Jeanne et al. (2014b)
investigated the observed cyclic behavior in ground-surface defor-
mation data that appeared to be correlated with precipitation in the
area. Such cyclic seasonal response to precipitation would likely
be strongly dependent on the local ground conditions, e.g., soft
swelling clay would respond differently than bare rock or engi-
neered structures. Another complicating factor is that the overall
injection rates at The Geysers vary with the season in a sim-
ilar way as that of precipitation, e.g., with increased injection
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Fig. 10. (a) Evolution of the measured and simulated injection ﬂow rate in P-32. Comparison between the pressure evolutions measured in situ in wells (b) PS-31, (c) P-38
a ring for P-25 was limited to the number of days after P-25 was completed and before the
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ell  was  placed into production (Jeanne et al., 2014c).
uring the rainy winter months. The approach taken by Jeanne
t al. (2014b) was to identify measurement points in the SAR data
n the ground surface around the EGS area that were most stable
rior to the start of the injection. The hypothesis was  that those
ould be points where the ground conditions are favorable or are
ngineered structures that would not be signiﬁcantly affected by
easonal, weather-related effects. For example, Fig. 11 shows the
atching of calculated and measured surface uplift for two  of those
oints, quite consistently indicating an uplift of 4–5 mm over 250
ays of injection. A good match was obtained for a Young’s modu-
us of 28 GPa in the host rock and with Young’s modulus reduced
o 15 GPa in the shear zones. The reduction of the Young’s mod-
lus in the shear zones was done to consider the effects of an
ncreased number of open fractures. Though a Young’s modulus of
8 GPa is reasonable, there are of course some uncertainties related
o this back-analysis, in particular related to the absolute magni-
ude of surface uplift-considering the potential seasonal effects,
ovements of the reference point, and potential effects of nearby
njection wells. However, as mentioned in Section 3.2, it is clear
hat the low deformation modulus associated with the long-term
eservoir-scale subsidence at The Geysers is not applicable for mod-
ling injection-induced surface uplift. This fact has some relevance
o the injection-induced stresses around the injection well: A stiffer
lastic modulus will give rise to stronger thermal stress, as well as
tronger poro-elastic stress changes upon injection. The stronger
tress changes will in turn impact the calculation of the stress per-
urbation and the potential for shear failure and induced seismicity.
Fig. 11. Comparison between the evolution of the calculated vertical displacement
(solid black line) with the surface displacement (blue squares) time-series measured
by satellite (Jeanne et al., 2014c). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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.3. Calculated stress perturbation and comparison to observed
icroseismicity
Fig. 12 shows a simulation of the stress perturbation (or micro-
eismic potential) with comparison to microseismic density using
he calibrated THM model (Jeanne et al., 2014b). The horizontal sec-
ion is located at a depth of 3.5 km,  i.e., near the bottom of the P-32
njection well, whereas the vertical-cross sections coincide with the
130-oriented shear zone F4 and the N50-oriented shear zone Fb,
oth intersecting the P-32 injection well (Fig. 8). Microseismic den-
ity is expressed as the number of events per bin (100 × 100 m),  and
ncludes events during the ﬁrst 270 days of injection. A general pat-
ern of agreement between the calculated stress perturbation and
he seismic density can be observed. This includes areas of high-
st seismic density correlating with the highest calculated stress
erturbation (red zones) that propagates from the injection well
own to a depth of about 4000 m.  A comparison of Fig. 12 to the
alculated pressure and temperature changes in Fig. 13 shows that
he area with the strongest stress perturbation is associated with
oth the highest pressure changes and greatest amount of cool-
ng, whereas at some lateral distance from the injection well, the
alculated cooling is small. This once again indicates that microseis-
icity and shear reactivation of pre-existing fractures are caused
y the combined effects of injection-induced cooling and pressure
hanges, with the cooling being more important for triggering seis-
icity near the injection well and around the zone of cool liquid
ater.
.4. Elasto-plastic shear-zone modeling under near-critical shear
tress
With the reservoir pressure evolution constrained from the
bove modeling and having an estimate of hydraulic and mechan-
cal properties (permeability and Young’s modulus), a further
nhancement of the coupled THM modeling was  introduced in
eanne et al. (2014c), with the modeling of full THM-induced
lasto-plastic shear-zone responses under the absolute in situ
tress ﬁeld. This is an advancement towards modeling the shear-
one failure responses mechanistically, rather than using the
revious thermo-hydro-elastic analysis of stress changes and post-
rocessing analysis of microseismic potential. The enhanced, full
lasto-plastic analysis enables comparison between the observed
emporal and spatial distribution of microseismic activity and
he calculated shear reactivation of preexisting fractures inferred
rom calculated elasto-plastic mechanical responses. Using this
pproach, it was possible to identify under what stress conditions
ractures in a shear zone were reactivated (as manifested in the ﬁeld
y a surge of local microseismic activity within the fault zone). We
ould thereby back-calculate components of the in situ stress ﬁeld.
As in the previous models, the rock mass was simulated as an
quivalent continuum with implicit representation of fractures,
hereas shear zones were explicitly represented as 15 m wide
ones with different hydraulic and mechanical properties. Using
uch an approach, we envision fault zones to include an intensively
ractured damage zone, under the assumption that fractures of any
rientation could exist (Fig. 14). As mentioned, such an assump-
ion is supported by the work of by Oppenheimer (1986), which
ndicates that seismic sources at The Geysers occur from almost
andomly oriented fracture planes. It is also supported by recent
eismic source analysis of seismic events around P-32 by Boyle and
oback (2014) indicating that these occurred on subvertical frac-
ures that are oblique to the main strike of the shear zones, and
y Johnson (2014a,b) and Guilhem et al. (2014), who found com-
lex and heterogeneous source mechanisms, including a signiﬁcant
sotropic (fracture opening) mode.cs 63 (2016) 120–138
Under this assumption, we applied, within the elasto-plastic
model simulations, an isotropic Mohr–Coulomb model, consider-
ing that fractures of any orientation can be reactivated (Fig. 14b). In
the enhanced, elasto-plastic THM model analysis, an initial in situ
stress regime was imposed on the model consistent with the stress
ﬁeld estimated from fault-plane solutions at the northwest Gey-
sers (Boyle and Zoback, 2014). Studies of earthquake focal plane
mechanisms in the Northwest Geysers indicate that the maximum
principal horizontal stress (SHmax) is oriented N020E (Boyle and
Zoback, 2014) and is approximately equal to lithostatic (or ver-
tical) stress Sv. In Jeanne et al. (2014c), an initial hypothesis was
made that SHmax = 0.9 × Sv, which means that the maximum hori-
zontal stress is slightly lower than the vertical stress. A sensitivity
analysis was then conducted, varying the minimum principal hor-
izontal stress (SHmin) until the best ﬁt between calculated fault
activation (deﬁned by the instance when shear failure ﬁrst occurs)
and observed fault activation (as manifested by a surge of local
microseismic activity)
One example is shown in Fig. 15 for a point located within shear
zone F4 about 100 m from where the P-32 intersects F4 at a rela-
tively shallow part of the injection interval (at 2800 m depth). The
example shown in Fig. 15 is one of several calculations made for dif-
ferent shear zones in Jeanne et al. (2014c), showing a complex THM
behavior. First, shear rupture is initiated at about 24 days, consis-
tent with the ﬁrst surge of induced seismicity in the ﬁeld (Fig. 15a
and b). After 74 days, liquid water reaches this location about 100 m
from the injection well and provides sharp cooling (Fig. 15c) that
in the simulation temporarily impedes active rupture. Then, during
250–320 days active rupture occurs again (seen in Fig. 15b as effec-
tive stress state reaching the rupture line at an effective stress ratio
of about 3.12, which corresponds to a coefﬁcient of friction of 0.6
according to Eq. (2)). Thus, in this case, for a point close to injection,
the shear activation is affected by both pressure and cooling effects
in a rather complex response. In Jeanne et al. (2014c), so-called
stress transfer effects are also discussed. Such effects are induced
either by poro-elastic expansion of the reservoir due to increasing
ﬂuid pressure, or by shrinkage of the reservoir due to cooling. As
shown in Jeanne et al. (2014c), either could delay or promote shear
activation at different times and locations.
However, considering all the complex coupled interactions, the
overall best ﬁt for the all the shear zones was obtained with
SHmin = 0.341 × Sv. In such a case, the ratio between Sv /SHmin is equal
to 2.93, very close to the value of q (≈3.12; Eq. (1)). This means that
the rock mass is initially in a stress state close to shear failure, and
small perturbations of the stress ﬁeld can cause a fracture to slip.
Thus, the coupled THM modeling of the full THM-induce elasto-
plastic shear-zone behavior conﬁrms the notion of the reservoir at
The Geysers being near-critically stressed for shear.
5.5. Interpretation of seismic tomography results
The use of seismic tomography was  tested at the Northwest
Geysers EGS Demonstration (Hutchings et al., 2014) and was  also
interpreted by coupled THM modeling in Jeanne et al. (2015a). High
resolution seismic tomography was  produced using a dense surface
seismic monitoring network, including an addition of 15 temporary
three-component seismic stations inside a “focused array” around
the EGS area, to collect specialized data during the start-up of the
stimulation (from one month before to two  months after the begin-
ning of the injection). The aim was to test an approach developed
by Hutchings et al. (2011) in which changes in reservoir properties
are determined rapidly, with high resolution and inexpensively,
and results could be used to select the best location to drill a pro-
duction well. To this end, Lawrence Berkeley National Laboratory
developed an inexpensive, automated microseismic data collection
and processing system (and computational capability) necessary to
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 vertical N50-oriented section within Fb (b and e), and a vertical N130-oriented se
ecord and process large numbers of microseismic recordings-and
btain tomographic images at lower cost and less time than was
reviously possible (Hutchings et al., 2011). The interpretive mod-
ling of the seismic tomography data in Jeanne et al. (2015a) aimed
t developing the link between the seismic tomography and the
oupled THM responses in the rock mass, including the impact of
uid pressure, temperature, effective stress, and shear failure.
Figs. 16 and 17 present contours of the VP and VS on a verti-
al cross section oriented northwest–southeast for the period 1
onth before injection, and then for up to 2 months after the start
f the injection (Jeanne et al., 2015a). The black points in Fig. 16 a
epresent the tomography grid where VP and VS values were estab-
ished and used to build these maps of velocity structure by linear
nterpolation. The vertical cross sections show an increase in seis-
ic  velocity with depth. This is expected, as a result of increased
odulus associated with closing of microfractures and cracks due
o the increased stress with depth. Therefore, low velocities are
ound near the surface, whereas velocities increase with depth,
here fewer thin cracks remain open as effective stress increases
Boitnott and Bonner, 1994). In Figs. 16 and 17, one can observe
istinct velocity changes around the injection well, especially in
S, which shows a gradual but strong reduction from 1 to 2 months
Fig. 17).When presenting the seismic tomography results as the differ-
nces relative to pre-injection velocity distribution, we  ﬁnd that
 clear picture emerges of distinct and signiﬁcant low-velocityulative microseismicity potential for a horizontal section at 3.5 km depth (a and d),
within F4 (c and f) (Jeanne et al., 2014b).
anomalies in both VP and VS (Fig. 18a and b). These low-velocity
anomalies are elongated along the northwest–southeast direction,
suggesting a strong inﬂuence of the more permeable shear zones
trending N130. In addition to changes in VP and VS, Figs. 18c and
d present the distribution of the P- and S-wave quality factors, Qp
and Qs, which can provide additional insights on rock properties
affected by temperature, ﬂuid content, fracture, permeability, and
porosity, since these properties have a relatively greater effect on
attenuation than velocity.
Coupled THM modeling in Jeanne et al. (2015a) showed that
seismic VP and VS velocities decrease in areas with the most intense
microseismicity; this is also correlated with the spatial distribu-
tion of calculated steam-pressure changes. This correlation can be
observed by comparing Vp and Vs distribution in Fig. 18a and b with
the pressure distribution in Fig. 13. Moreover, as shown in Fig. 19,
Jeanne et al. (2015a) found a general trend of decreasing VP and VS
with calculated steam pressure. VS decreases with pressure in areas
where pressure is sufﬁciently high to cause shear failure, which
in the ﬁeld would correspond to areas where shear reactivation
of pre-existing fractures and high microseismic density occur. The
analysis also indicates that cooling in a liquid zone around the injec-
tion well contributes to the reduced VS. A trend of reducing VP with
ﬂuid pressure was  also found, but at pressures much above the pres-
sure required for shear reactivation. Jeanne et al. (2015a) attributed
the reduction in Vs to softening in the rock-mass shear modulus
associated with shear dislocations and changes in fracture surface
132 J. Rutqvist et al. / Geothermics 63 (2016) 120–138
F  days
i
p
r
i
aig. 13. Calculated changes in (a, b) pressure, (c, d) temperature, and (e, f) after 270
njection  well (see Fig. 8 for locations of cross-sections). (Jeanne et al., 2014b).
roperties, whereas the reduction in VP might be explained by the
eduction in modulus associated with pressure-induced reduction
n effective stress within the shear-softened rock mass volume.
Regarding the distribution of Qp and Qs, a detailed analysis
nd modeling of those has not yet been completed, though we within a N50 shear zone and within a N130 shear zone, both intersecting the P-32
can observe from Figs. 18c and d very clear anomalies around the
injection well. For example, the signiﬁcant increase in Qp seems to
correlate well with a narrow liquid water zone around the injection
well. One interpretation of these results might be that Qp would
increase (VP attenuation decrease) when the pore-ﬂuid conditions
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Fig. 14. Illustration of the approach for failure analysis to evaluate the potential for induced seismicity within a shear zone (a) highly fractured rock with randomly oriented
fractures within a 15 m thick shear zone, and (b) movements of Mohr’s circle as a result of increased ﬂuid pressure within a fracture plane of a near critically stressed fracture
(Jeanne et al., 2015b).
Fig. 15. Result of full elasto-plastic analysis of shear-zone F4 with comparison to observed microseismic activity. (a) Observed microseismic events per day along F4. Calculated
(b)  pressure and temperature, (c) ′1/′3 ratio, and (d) shear and normal displacement across the shear zone. The calculated values are for a point in F4 located about 100 m
from  the P-32 injection point in F4 at a depth of 2800 m (Modiﬁed from Jeanne et al., 2014c).
Fig. 16. Evolution of the P-wave distribution in a NW-SE cross-section through the P-32 injection during (a) 1 month before injection, (b) 0–1 month after injection, and (c)
1–2  months after injection. The black points in (a) represent the tomography grid (Jeanne et al., 2015a).
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Fig. 17. Evolution of the S-wave distribution in a NW-SE cross-section through the P-32 injection during (a) 1 month before injection, (b) 0–1 month after injection, and (c)
1–2  months after injection (Jeanne et al., 2015a).
Fig. 18. Difference in seismic attributes caused by the injection depicted in a vertical NW-SE cross section through the P-32 injection. Differences in (a) P-wave velocity, (b)
S-wave  velocity, (c) P-wave quality factor, and (d) S-wave quality factor.
Fig. 19. Observed changes in (a) P-wave velocity and (b) S-wave velocity as function of calculated changes in ﬂuid pressure at different points within shear zone F5 located
at  four different elevations. Difference in seismic attributes caused by the injection depicted in a vertical NW-SE cross section through the P-32 injection. The red circles
indicate points located closer to the P-32 injection well in which signiﬁcant (>30 ◦C) cooling was calculated (Jeanne et al., 2015a).
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hanges from partially saturated steam/water to fully saturated
ater-ﬁlled pores. Moreover, as shown in Fig. 13, such a liquid zone
s also associated with substantial cooling of the rock, which might
hange elastic properties of the rock locally. Finally, Qs shows a
ider-spread reduction (VS attenuation increase), which may  be
n effect of fracturing and shear in the area.
. Discussion
Some key aspects of the THM modeling of the Northwest Gey-
ers EGS Demonstration Project relevant to EGS developments in
eneral are discussed in this section, including a discussion regard-
ng the usefulness of the different monitoring techniques, potential
hanges in reservoir properties, and the cause and mechanisms of
nduced microseismicity.
.1. Evaluation of monitoring techniques linked to THM modeling
The coupled THM modeling applied in this study enables
imultaneously incorporating many different types of ﬁeld
ata—reservoir pressure, microseismic evolution, ground surface
eformations, and seismic tomography—into one simulation. The
eservoir pressure monitoring provides point measurements at
ust a few wells, but nevertheless provides valuable information
n the permeability structures and hydraulic bounds of the EGS
eservoir. Such bounds and the extent of the stimulation zone
re also observed and interpreted from the microseismic pattern
nd seismic tomography. Moreover, good-quality ground-surface
eformation measurements showing a distinct surface uplift from
he injection should also be very valuable in mapping underground
eservoir pressure changes, especially if they could be constrained
ith the reservoir pressure measured in wells. Considering the
ifﬁcult terrain—hills, landslides, and vegetation—the areal den-
ity of the SAR measurement points were remarkable. However,
espite the good coverage, the evaluation of the surface deforma-
ions was in this case challenging, because the injection-induced
urface deformations turned out to be subtle, barely detectable,
nd affected by seasonal precipitation intermingled with potential
ffects from nearby injection and production wells. Nevertheless,
he lack of very substantial surface uplift is a signiﬁcant observa-
ion, making it possible to constrain the elastic properties of the
eservoir, which would have to be much stiffer than what earlier
eservoir subsidence models had indicated.
Both the real time seismic monitoring and interpretation of such
ata for seismic tomography turned out to be a very valuable source
f information, showing the clear boundaries of the stimulation
one. The clear seismic tomography interpretation was possible
hen there was a dense network of seismic stations focused around
he injection well. Unfortunately, this test of the seismic tomog-
aphy using the mobile equipment was only applied during the
rst 2 months of injection, when the injection was relatively low at
00 gpm (25 L/s). Seismic monitoring and tomography were also
ested over the one-year stimulation, using the regular seismic
etwork for monitoring at The Geysers, but preliminary results
ndicated insufﬁcient resolution for tomography around a single
ell injection. The real time microseismic images agreed with that
f the seismic tomography, and then showed additional expan-
ion of the stimulation zone once the injection rate was increased
o 1000 gpm (63 L/s) after the ﬁrst 2 months. However, this addi-
ional expansion did not appear to continue much beyond the ﬁrst
 months of injection. Jeanne et al. (2015b) found that when the
xpansion of the stimulation zone terminates, a break can be found
n the relationship between cumulative number of microseismic
vents and cumulative injection volume (Fig. 20). Such information
ould be useful in monitoring the stimulation and evolution withins 63 (2016) 120–138 135
an EGS in real time. Studies are ongoing to see if such relationships
can also be observed at other injection wells in the area.
6.2. Changes in reservoir properties with stimulation
The evaluation of seismic tomography indicated quite substan-
tial changes in elastic properties around the injection well, with
a degradation of the dynamic Young’s modulus to as low as about
70% of the original value (Jeanne et al., 2015a). This strong degrada-
tion was detected after only 2 months of injection. The modeling of
cross-hole pressure evolution between the P-32 injection well and
PS-31 monitoring well also indicated a substantial change in frac-
ture porosity at the beginning of the injection. Moreover, Johnson
(2014a), in studying source mechanisms for 20 seismic events in
the EGS area around P-32 injection, found evidence indicating a
substantial opening mode in addition to shear. Johnson (2014b)
interpreted the seismic events using a source model of a shear-
ing fracture with wing-cracks, which could explain the substantial
volumetric component. According to this model and interpreta-
tion, seismic events in the moment magnitude range of 0.9–2.8
around P-32 injection would correspond to shear crack radii in the
range of 10–150 m,  wing crack lengths in the range of 2–25 m,  and
maximum slips in the range of 0.3–1.1 cm. According to laboratory
studies on rock fractures and meter-scale in-situ experiments, such
a shear displacement could cause dilation of the fracture surfaces
that could substantially increase ﬂow transmissivity along the frac-
ture (Rutqvist and Stephansson, 2003). Moreover, opening of wing
cracks could certainly open up new channels for ﬂuid ﬂow. On the
other hand, the cross-hole pressure responses and ﬂow tests at the
Northwest Geysers EGS Demonstration Project does not indicate
substantial (orders of magnitude) increases in permeability and
injectivity tests conducted periodically in P-32 well did not indi-
cate any apparent injectivity gain (Garcia et al., 2016). For example,
a factor of two increase in permeability was  indicated by ﬂow tests
in PS-31 after 8 months of stimulation injection. Although, higher
permeability changes would be expected near the P-32 injection
well, the results still indicate quite small permeability changes.
A reasonable explanation to this apparent paradox is that the
injectivity and ﬂow to a well might be dominated by a few steam
entries that consist of open fractures intersecting the well, many
of which are part of shear zones intersecting the injection well.
Moreover, our modeling indicates that the P-32 injection well and
the PS-31 monitoring well are connected by one or two of these
shear zones, resulting in a rapid pressure response across these
wells. In a fractured rock mass, ﬂow though such a fracture zone
may  be dominated by a few open, connected fractures. The perme-
ability of these zones, based on the cross-hole pressure monitoring
and modeling, was estimated in Jeanne et al. (2014c) to be on the
order of 10−14 m2. Considering the depth of 3 km,  this is quite a
substantial permeability, one that would likely be associated with
fractures locked open by previous shear dislocation (Rutqvist and
Stephansson, 2003; Rutqvist, 2015). For the sake of discussion,
Fig. 21 presents an example of numerical modeling results of a
fractured rock mass subject to shear stress, using empirical con-
stitutive laws for normal and shear behavior of fractures (Rutqvist,
2015; Min  et al., 2004). As shown, when the rock-mass permeabil-
ity has already been increased by shear dilation, additional shear
may  not result in much additional permeability gain. On the other
hand, for an initially mated (close having perfectly ﬁtted fracture
surfaces) or mineral-ﬁlled fracture, perhaps located close to the
main fracture, or in the host rock adjacent to a shear zone, per-
meability could change more signiﬁcantly if reactivated. This may
only manifest itself as an increase in ﬂuid storage (associated with
increased porosity) in the pressure responses along the main per-
meability path between the P-32 and PS-31 wells. In theory, it may
also provide additional fracture surface area, resulting in enhanced
136 J. Rutqvist et al. / Geothermics 63 (2016) 120–138
Fig. 20. (a) Daily evolution of the number of microseismic events and the volume of liqu
per  day and the cumulative volume of injected water (Jeanne et al., 2015b).
Fig. 21. Simulation of the permeability evolution of an intensely fractured rock mass
subject to increasing shear stress ( / ) ratio (results from Min et al. (2004)). Elas-
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ic  simulation results are compared to that of elasto-plastic using Mohr-Coulomb
ailure along fractures to investigate the effect of shear dilation on horizontal per-
eability (Rutqvist, 2015).
team production. This may  be especially signiﬁcant deep down in
he HTR and underlying felsite, where the rock is less permeable
nd fractures may  not be open as much.
.3. The cause and mechanisms of induced microseismicity
One of the aims of coupled THM modeling is to investigate the
ause and mechanisms of microseismicity including the role of
ressure effects versus thermal (cooling) effects. The correlation
etween injection rate and microseismic activity and modeling
f the injection shows that injection-induced pressure changes
if pressure is above a certain threshold) results in an immedi-
te response in microseismic activity, ﬁrst along major permeable
ractures connected to the well, and later in the fractured rock
ass between major fractures. Thermal effects involve cooling
ontraction of the reservoir rock, which results in stress changes
hat can strongly contribute to stimulation and microseismic activ-
ty. Numerical simulations indicate a strong cooling effect around
he injection well and around the liquid water zone created by
he injection. The thermal effects generally occur at a slower rate
han the pressure effects, since they depend on the time it takes
o cool down the rock. In general, the cooling of the rock mass
ay  be thought to facilitate stimulation: cooling helps to unload
re-existing fractures, which thereby tend to lose their frictional
esistance, which then can be reactivated more easily by increas-
ng ﬂuid pressure. Over a longer term injection (for several monthsid water injected. (b) Relation between the cumulative number of seismic events
or years), a more substantial volume around the injection well
may  be cooled to some degree. Apart from the aforementioned
effects of cooling contraction facilitating shear reactivation, cool-
ing could also make the rock mass more brittle, especially when
injecting near the brittle-ductile rock transition such as being done
at the Northwest Geysers EGS Demonstration Project. Thus, a sus-
tained injection over several months or years might be beneﬁcial in
progressively extending the stimulation zone downwards into the
originally very hot and semi-ductile rock. There are also indications
at The Northwest Geysers EGS Demonstration Project that the zone
of micro-seismicity slowly deepens along with the injection.
Because the pressure responses are immediate, whereas the
thermal effects are generally much slower, the microseismic activ-
ity (number of events and magnitude) generally responds quickly to
pressure changes induced by changes in injection rate. This means
that the rate of microseismic activity around an injection well can
be controlled by regulating the injection rate. The magnitude of
the events does not solely depend on the injection-induced stress
changes, but should in fact be more related to the tectonic load and
the size of the rupture area, meaning that larger events could only
occur on features that are sufﬁcient large to accommodate such
a large rupture area. The fact that microseismicity results from a
release of tectonic forces triggered by injection is also supported
by the studies of Johnson (2014a), who did not observe any change
in the source mechanisms before and after the start of the injec-
tion, although the rate of microseismicity is strongly affected by
the injection. A frequently observed phenomenon, also at the at
The Northwest Geysers EGS Demonstration Project, is that larger
events may  occur at some distance from the injection well and are
associated with larger features such as minor faults. One example
is the injection at P-32, in which the majority of the M > 2.5 events
occurred along the bounding shear zone to the southeast of the
EGS area. Finally, we  acknowledge that substantial uncertainties
still remain regarding the exact mechanisms of induced seismicity,
in particular related to the role of thermal effects. For example, our
continuum modeling approach may  underestimate thermal effects,
given that cold water injection will tend to be smoothed out and
contained closer to the injection source, rather than spread out by
ﬂow along discrete fractures.
7. Concluding remarks
In this paper, we summarized the results of coupled ther-
mal, hydraulic, and mechanical (THM) modeling in support of
the Northwest Geysers EGS Demonstration Project, California. The
THM modeling was  conducted to investigate the geomechanical
effects of cold-water injection during the stimulation of the EGS
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ystem, ﬁrst to predict the extent of the stimulation zone for a
iven injection schedule, and then to conduct interpretive analysis
f the actual stimulation. By using a calibrated THM model based
n historic injection and microseismic data at a nearby well, we
ould reasonably predict the extent of the stimulation zone around
he injection well, at least for the ﬁrst few months of injection.
owever, observed microseismic evolution and pressure responses
howed more heterogeneous behavior as a result of more com-
lex geology, including a network of minor faults (or shear zones).
herefore, for the interpretive analysis of the one-year stimulation,
wo sets of vertical shear zones were included within the model;
 set of more permeable NW-striking shear zones and a set of less
ermeable NE-striking shear zones. Our modeling indicates that
he microseismic events in this system are related to shear reacti-
ation of pre-existing fractures, triggered by the combined effects
f injection-induced cooling around the injection well and rapid
ut small changes in steam pressure as far as a kilometer from the
njection well. Overall, our results from this integrated monitoring
nd modeling of microseismicity, surface deformations, and reser-
oir pressure, as well as ﬂuid chemical composition and seismic
omography, reﬂects an EGS system hydraulically bounded to the
outheast by a NE-striking low permeability shear zone, with NW-
triking shear zones providing liquid ﬂow paths for stimulation
eep down into the high temperature zone. The stimulation volume
ncompasses both the P-32 and PS-31 wells, which are intended
o form an injection-production well pair. Based on modeling
esults and seismic tomography it appears that the stimulation
ay  have resulted in a substantial degradation in mechanical prop-
rties related to shear failure, which perhaps could have resulted
n a signiﬁcant increase in accessible fracture porosity. Currently,
roduction from PS-31 is on hold to remediate problems with cor-
osion, whereas production is ongoing at the nearby P-25 well,
hich is also connected to the stimulation volume, although not
long the main permeability direction of the EGS area. In evaluat-
ng the long-term sustainability of EGS during production (Phase
II of the project), it will be important to include the more complex
eology, including the shear-zone network and how it might evolve
ver the longer term. Ideally, with continued sustained injection,
he stimulation will move progressively downwards for increas-
ng heat mining deep within the high temperature reservoir and
nderlying felsite.
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